Polarity formation is central to leaf morphogenesis, and several key genes that function in adaxial-abaxial polarity establishment have been identified and characterized extensively. We previously reported that Arabidopsis thaliana ASYMMERTIC LEAVES1 (AS1) and AS2 are important in promoting leaf adaxial fates. We obtained an as2 enhancer mutant, asymmetric leaves enhancer3 (ae3), which demonstrated pleiotropic plant phenotypes, including a defective adaxial identity in some leaves. The ae3 as2 double mutant displayed severely abaxialized leaves, which were accompanied by elevated levels of leaf abaxial promoting genes FILAMENTOUS FLOWER, YABBY3, KANADI1 (KAN1), and KAN2 and a reduced level of the adaxial promoting gene REVOLUTA. We identified AE3, which encodes a putative 26S proteasome subunit RPN8a. Furthermore, double mutant combinations of as2 with other 26S subunit mutations, including rpt2a, rpt4a, rpt5a, rpn1a, rpn9a, pad1, and pbe1, all displayed comparable phenotypes with those of ae3 as2, albeit with varying phenotypic severity. Since these mutated genes encode subunits that are located in different parts of the 26S proteasome, it is possible that the proteolytic function of the 26S holoenzyme is involved in leaf polarity formation. Together, our findings reveal that posttranslational regulation is essential in proper leaf patterning.
INTRODUCTION
The leaf primordium originates from the peripheral zone of the shoot apical meristem. Once leaf primordia are formed, they require establishment of the proximodistal, mediolateral, and ad/ abaxial axes (Hudson, 2000) . Among these three, the establishment of the ad/abaxial axis, which is required for subsequent asymmetric leaf growth, may be of primary importance (Bowman et al., 2002) . Cell differentiation along this axis results in the two leaf faces being distinct both in structure and in their biological functions (McConnell et al., 2001) .
Recent studies have identified several genes that play critical roles in establishing leaf adaxial/abaxial polarity. Genes in the class III HD-ZIP family, including PHABULOSA (PHB), PHAVOLUTA (PHV), and REVOLUTA (REV), are important for specifying adaxial identity (McConnell and Barton, 1998; McConnell et al., 2001; Emery et al., 2003) . Members in the YABBY (YAB) and KANADI (KAN) gene families contribute to the abaxial pattern formation of the leaf (Chen et al., 1999; Sawa et al., 1999; Siegfried et al., 1999; Eshed et al., 2001 Eshed et al., , 2004 Kerstetter et al., 2001 ). In addition, the ASYMMERTIC LEAVES1 (AS1) and AS2 genes have also been demonstrated to play critical roles in specifying leaf adaxial identity (Lin et al., 2003; Xu et al., 2003; Garcia et al., 2006) . AS1 encodes a protein that contains an R2-R3 MYB domain (Byrne et al., 2000; Sun et al., 2002) , suggesting that it may bind to DNA and directly regulate transcription. The AS2 protein contains a Leu-zipper motif and can associate with AS1 (Iwakawa et al., 2002; Xu et al., 2002 Xu et al., , 2003 . Both AS1 and AS2 positively regulate the PHB gene and repress some genes in the YAB and KAN families (Lin et al., 2003; Xu et al., 2003) . Since all the genes listed above encode putative transcription factors, regulation at the transcriptional level is likely very important during leaf adaxial/abaxial polarity formation.
In addition to the putative transcription factors, components in RNA silencing pathways also play important roles in specifying leaf adaxial polarity. RNA-DEPENDENT RNA POLYMERASE6 (RDR6) was identified to have such a function . The rdr6 single mutant showed only minor phenotypic changes, whereas the rdr6 as1(2) double mutant displayed dramatically enhanced as1(2) phenotypes with severely abaxialized leaves. The subsequent studies also revealed that the SUPPRESSOR OF GENE SILENCING (SGS3), ZIPPY/ARGONAUTE7 (ZIP), and DICER-LIKE4 (DCL4) genes play similar roles to that of RDR6 in leaf patterning (Garcia et al., 2006; Xu et al., 2006) . It is possible that RDR6/SGS3/ZIP/DCL4 act in the same pathway and at least partially function in repressing leaf abaxial promoting genes AUXIN RESPONSE FACTOR3 (ARF3) and ARF4 via production of a trans-acting siRNA, tasiR-ARF (Peragine et al., 2004; Yoshikawa et al., 2005; Garcia et al., 2006; Xu et al., 2006) . Recent studies also demonstrated that two microRNAs, miR165 and miR166, participate in leaf adaxial/abaxial polarity formation. These two miRNAs differ by only one nucleotide and have complimentary regions of class III HD-ZIP genes, encoding a so-called 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed. E-mail hhuang@ sippe.ac.cn; fax 86-21-54924015. The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the Instructions for Authors (www.plantcell.org START domain (Rhoades et al., 2002) . Research has shown that changing a single nucleotide within the START-encoding regions of several class III HD-ZIP genes results in dominant mutations that cause adaxialized leaves (McConnell et al., 2001; Emery et al., 2003; Zhong and Ye, 2004) . All these results indicate that in addition to transcriptional regulation, proper leaf polarity formation also requires regulation at the posttranscriptional level.
To elucidate the molecular mechanism for leaf adaxial/abaxial polarity establishment, it seems important as a first step to identify all genetic pathways involved in the regulatory network of leaf development. In these genetic and molecular studies, we show that the genes encoding different 26S proteasome subunits are required for normal adaxial/abaxial leaf patterning, revealing a role for posttranslational regulation in leaf patterning.
The 26S proteasome is a highly conserved protein degradation system in eukaryotes, which contains ;31 subunits arranged into two protein subcomplexes: the 20S catalytic core particle (CP) and the 19S regulatory particle (RP) . The CP has the capacity to cleave peptide bonds, while the RP assists in recognizing and unfolding target substrates tagged with polyubiquitin chains, removing the chains, and directing the unfolded polypeptides into the CP for degradation . The RP could be further divided into two parts known as the base and the lid (Glickman et al., 1998) . The base contains six ATPases (RPT1 to RPT6) and three nonATPase subunits (RPN1, RPN2, and RPN10), whereas the lid is made up of eight additional RPN subunits (RPN3, RPN5 to RPN9, RPN11, and RPN12) (Voges et al., 1999) . In Arabidopsis thaliana, two base subunits, RPN10 and RPT2a (HALTED ROOT [HLR]) were found to have biological functions in the plant's response to abscisic acid signals (Smalle et al., 2003) and in maintaining the meristem integrity both in the shoot and in the root (Ueda et al., 2004) . Additionally, one lid subunit, RPN12a, plays a role in controlling the stability of one or more of the factors involved in cytokinin regulation (Smalle et al., 2002) . However, functions of most other Arabidopsis 26S proteasome subunits are unknown.
In this article, we report our mutagenesis screen and characterizations of an as1/as2 enhancer, asymmetric leaves enhancer3 (ae3), and show that Arabidopsis AE3 encodes the 26S proteasome lid subunit RPN8a that plays a role in specifying leaf adaxial identity. Moreover, we provide genetic evidence that the proteolytic function of the 26S proteasome is required for the proper leaf adaxial/abaxial polarity establishment.
RESULTS
The as1/as2 Enhancer Mutant ae3-1
We previously reported that AS1 and AS2 are required for establishing leaf adaxial/abaxial polarity Xu et al., 2002 Xu et al., , 2003 . Compared with the wild-type plant ( Figure 1A ), mutant as2-101 often showed a lotus-leaf structure with petioles growing from underneath the leaf blade ( Figure 1B ). This structure is believed to be caused by a partial loss of the leaf adaxial identities (Xu et al., 2003) . In some extreme cases, the as2-101 plants even produced some abaxialized needle-like structures, though the frequency was very low (Xu et al., 2003; Qi et al., 2004) . In the course of completing a mutagenesis screen for as2-101 enhancers, we identified one plant exhibiting apparently increased numbers of needle and lotus leaves ( Figure 1C ). These types of abnormal leaves usually appear among the first two rosette leaves in as2-101 single mutant plants, whereas they were present in all rosette leaves in the as2 enhancer mutant plants. We demonstrated that phenotypes of the as2 enhancer mutant were caused by as2 and an additional mutation, which was designated as ae3-1 (see Methods).
The ae3-1 single mutant plant was isolated, showing long and narrow rosette leaves ( Figure 1D , Table 1 ). To determine whether the ae3-1 mutation can also enhance as1 phenotypes, we constructed the ae3-1 as1-101 double mutant. The resulting double mutant plants were similar to ae3-1 as2-101 plants, with an increased number of lotus and needle leaves ( Figure 1F ) compared with the as1-101 single mutant ( Figure 1E ). These results indicate that AE3 acts synergistically with the AS1/AS2 pathway to regulate leaf development.
Pleiotropic Phenotypes of the ae3-1 Mutant Plants
To better understand the role that AE3 plays in plant development, we analyzed phenotypes of the ae3-1 single mutant. Compared with the wild type (Figure 2A ), ae3-1 was slightly dwarfish ( Figure 2B ) and exhibited a delayed flowering time with increased numbers of rosette leaves (6.2 6 0.6 in the wild type versus 9.2 6 0.7 in the mutant; n ¼ 30). The ae3-1 phyllotaxy was aberrant, with several cauline leaves frequently associated together ( Figure 2B , arrowhead). While most other rosette leaves in ae3-1 showed only a long and narrow shape, the first two rosette leaves often exhibited more severe phenotypes. These included (a) very narrow leaves (12/270), (b) lotus leaves with a very long petiole (2/800), (c) horn-like structures (which we refer to as ectopic leaves growing near the leaf tip on the abaxial side) (3/600, arrowhead), and (d) needle-like leaves (10/258) ( Figure 2C ).
Frequently, ae3-1 cauline leaves also formed the ectopic leaves ( Figure 2D , arrowheads), and this structure could occasionally further expand, forming a small leaf ( Figure 2D , arrow and inset). In addition, although the carpel number in ae3-1 flowers appeared normal, other floral organ numbers were often altered (Table 2) . Compared with the wild type ( Figure 2E, left) , ae3-1 pedicels were longer ( Figure 2E, right) . Furthermore, although trichomes in the wild type ( Figure 2F ) and ae3-1 ( Figure 2G ) were similar in shape, the trichome support cells on ae3-1 leaves were reduced in size and protruded from the leaf surface (arrowheads). The pleiotropic phenotypes of the ae3-1 plant indicate that AE3 has multiple functions in plant development.
ae3-1 Produces Abaxialized Leaves
The lotus-and needle-like leaf structures are generally thought to be caused by defective leaf adaxial/abaxial polarity. To determine whether the ae3-1 leaves are defective in adaxial or abaxial identity, we examined the ae3-1 leaf vascular pattern by transverse section through the blade-petiole conjugation region and analyzed the leaf epidermal cell pattern by scanning electron microscopy. In the wild-type leaves ( Figure 3A) , vascular bundles at this region showed a pattern where xylem develops on the adaxial pole and phloem is located on the abaxial pole ( Figure 3F ). ae3-1 leaves that were slightly narrow exhibited a vascular pattern similar to that in the wild type. ae3-1 leaves with even narrower blades possessed a thickened midrib ( Figure 3B , arrowheads), while the tracheary elements of xylem became thinner ( Figure 3G ). The very narrow blade leaves ( Figure 3C ) contained two separated vascular bundles ( Figure 3H ), each of which exhibited a phloem-surrounding-xylem structure, with the leastdeveloped xylem tissues in the center. There was no apparent vascular bundle in the radially symmetric needle-like leaves ( Figure 3D ), although the few small cells grouped together might represent a premature vascular bundle ( Figure 3I , arrow). We also analyzed an ae3-1 cauline leaf that carried an ectopic leaf ( Figure 3E ). Similar to the very narrow ae3-1 rosette leaf ( Figure  3C ), the cauline leaf also contained two vascular bundles ( Figure  3J , arrows). The ectopic leaf growing on the cauline leaves contained a premature vascular bundle, similar to that in the needle-like leaves in Figure 3I . The vascular pattern in the ae3-1 leaves suggests that the adaxial identity of some ae3 leaves is defective.
The scanning electron microscopy analyses showed that the adaxial side of a Landsberg erecta (Ler) leaf contains large and uniformly sized epidermal cells ( Figure 3K ), while the abaxial surface contains relatively small cells mixed with some long and narrow cells ( Figure 3L , arrowheads). On the adaxial side of the very narrow ae3-1 rosette leaf ( Figure 3C ), although the proximal portion contained cells similar to the petiole surface cells ( Figure  3M ), the middle and distal portions of the leaf exhibited long and narrow abaxial epidermal cells (Figures 3N and 3O, arrowheads) , indicating the leaf is abaxialized. All epidermal cells in the ae3-1 needle-like leaf were rectangular ( Figure 3D ), which suggests they may not be sufficiently differentiated ( Figure 3P ). Furthermore, the ectopic leaf on ae3-1 cauline leaves ( Figure 3E ) also contained abaxial epidermal cells on its adaxial side (Figures 3R and 3S, arrowheads) , though the adaxial side of the cauline leaf part ( Figure 3Q ) still possessed a uniformly adaxial epidermis. All these observations support the possibility that ae3-1 leaves are not demonstrating sufficient adaxial differentiation.
The Severely Defective Adaxial/Abaxial Polarity in the ae3 as2 Leaves
To further understand the roles of AE3 in leaf development, we analyzed leaf phenotypes of the ae3-1 as2-101 double mutant by scanning electron microscopy and sectioning. Although the early-appearing leaves of the double mutant had lotus or needle structures, almost all late-appearing rosette ( Figure 4A ) and most cauline leaves ( Figure 4B ) were needle-like. The needle-like leaves in ae3-1 as2-101 can be further divided into two types. One contained abaxial epidermal cells on the adaxial distal portion (Figures 4C and 4E, arrowhead) , with the cells on the proximal (data no shown) and middle portions ( Figures 4C and 4D ) resembling those on wild-type petioles. The other showed rectangular epidermal cells covering almost the entire needle-like structure, similar to those in Figures 3D and 3P . These phenotypes may represent less-differentiated forms. A transverse section through the proximal part of a needle-like leaf (of the first ae3-1 as2-101 type) showed a phloem-surrounding-xylem pattern ( Figure 4F ). All these results indicate that ae3-1 as2-101 leaves are abaxialized but with much more severe characteristics than those in the ae3-1 and as2-101 single mutant plants.
Altered Expression of the Leaf Polarity Genes in ae3 and ae3 as2 Leaves
Phenotypic analyses of ae3-1 single and ae3-1 as2-101 double mutants indicate that the AE3 gene is required for specifying the leaf adaxial identity. To obtain molecular evidence for the AE3 function, we analyzed FILAMENTOUS FLOWER (FIL), YAB3, KAN1, and KAN2 mRNA levels by quantitative real-time RT-PCR. Transcript levels of these genes were generally elevated in the single mutant leaves, but they were enhanced even more in the ae3-1 as2-101 double mutant leaves ( Figure 5A ). Similar to the rosette leaves, the ae3-1 cauline leaves carrying the ectopic leaf also contained higher transcript levels of the four genes than those in the wild-type leaves ( Figure 5B ).
To investigate whether the altered expression levels of the abaxial-promoting genes were also accompanied by changes in the expression pattern, we analyzed one of these genes, FIL, using in situ hybridization. FIL is usually expressed on the abaxial side of leaves ( Figure 5C ) but appeared to be extended toward the adaxial side in some young leaves in as2-101 ( Figure 5D , arrowhead) and ae3-1 ( Figure 5E , arrowhead). FIL was expressed throughout the entire primordium of the ae3-1 as2-101 needle-like leaves ( Figure 5F , arrowheads). The increased transcript levels of the abaxial-promoting genes and the expanded expression pattern of FIL in ae3 single and ae3 as2 double mutants support the idea that AE3 is required for specifying adaxial identity in leaves.
To better understand the adaxial/abaxial polarity formation in ae3 as2 leaves, we also analyzed expression patterns of the adaxial-promoting gene REV by in situ hybridization. In addition, we also crossed ae3-1 as2-101 to rev-9, a T-DNA enhancer trap line, in which b-glucuronidase (GUS) staining can indicate the REV expression (Emery et al., 2003; Hawker and Bowman, 2004) . Although REV was expressed in leaf primordia in both rev-9/þ ( Figure 5G , arrowhead) and rev-9/þ ae3-1 as2-101 ( Figure 5H , arrowhead) plants, GUS activity was diminished in the more developed primordia in rev-9/þ ae3-1 as2-101 ( Figure 5H ). In wild-type plants, REV is usually expressed in the adaxial domain of leaf primordia (Emery et al., 2003; Li et al., 2005) and in vascular tissues of the developing leaves (Zhong and Ye, 1999) . In comparison with the expanded ae3-1 leaves that showed a polar expression of REV ( Figure 5I ) similar to that in the wild type, the REV transcripts were detected throughout the very young leaf primordia of ae3-1 as2-101 and diminished rapidly upon further leaf development ( Figure 5J ), consistent with the GUS staining results in Figure 5H . The adaxial/abaxial polarity formation Ler flowers (n ¼ 40) 4 6 0 46 0 5.9 6 0.3 2 6 0 ae3-1 flowers (n ¼ 87) 4.2 6 0.6 3.9 6 0.9 4.8 6 0.8 2 6 0 a Values are average 6 SE. in some needle-like leaves of rev-9/þ ae3-1 as2-101 appeared to be delayed, and only some of these leaves with partial adaxial/ abaxial differentiation at the distal portion exhibited GUS staining on the adaxial side ( Figures 5K and 5L ). For those that did not show leaf adaxial/abaxial differentiation, GUS staining was observed only in the vascular tissues ( Figure 5M, arrowhead) . GUS staining in mature needle-like leaves was concentrated only in the vascular tissues ( Figure 5N, arrowheads) . These results suggest that the AE3 and AS2 roles in normal leaf polarity formation may be via regulation of the leaf polarity controlling genes.
Double Mutants of ae3-1 rev-9 and ae3-1 rdr6-3
To understand the genetic interaction between AE3 and other polarity-controlling pathways in leaf patterning, we characterized ae3-1 rev-9 and ae3-1 rdr6-3 double mutants. The recessive rev-9 mutant (Ler) has normal leaf phenotypes, although the axillary inflorescence number was reduced (Emery et al., 2003) ( Figure 6A ). Compared with the rev-9 mutant plant, ae3-1 rev-9 exhibited narrow early-appearing rosette leaves ( Figure 6B ) similar to those of the ae3-1 single mutant. However, the ae3-1 rev-9 seedling was aberrant with late-appearing leaves, which were arrested at early developmental stages ( Figure 6B ). Scanning electron microscopy showed that these late-appearing needlelike leaves were covered with long and straight cells ( Figures 6C  and 6D ), which mimicked those of petiole epidermal cells and failed to demonstrate additional differentiation. The ae3-1 rev-9 phenotypes suggest that AE3 genetically interacts with REV to specify leaf adaxial polarity.
The rdr6-3 mutant revealed only minor changes in the phenotypes , whereas ae3-1 rdr6-3 exhibited apparently enhanced ae3-1 phenotypes. The frequency of ectopic leaves on the ae3-1 rdr6-3 rosette leaves was higher than that on the ae3-1 rosette leaves, and the size of the ae3-1 rdr6-3 ectopic leaves became bigger ( Figure 6E ; for comparison, see Figure 2C ). In addition, the frequency of lotus-and needle-like rosette leaves in the double mutant increased markedly (3.3% in ae3-1, n ¼ 122, versus 34% in ae3-1 rdr6-3, n ¼ 178). Furthermore, petioles of some leaves in the double mutants formed distinct adaxial and abaxial parts. The adaxial part was equivalent to a normal-sized petiole ( Figures 6F and 6G, arrows) , while the abaxial part was broader ( Figures 6F and 6G, arrowheads) , which connected with the dramatically thickened midrib. These results suggest that AE3 genetically interacts with the RNA silencing pathway to regulate leaf patterning.
Molecular Cloning of the AE3 Gene
Using ;3700 recombinant chromosomes, we mapped the AE3 gene on the upper arm of chromosome 5 in a 43-kb region between markers MJJ3-A and MJJ3-B, which contains 13 predicted genes ( Figure 7A ). Sequencing of these candidate genes revealed that ae3-1 carried a G-to-A nucleotide substitution at the first nucleotide of the second intron in the gene At5g05780 ( Figure 7B ), which is predicted to encode RPN8a, a 26S proteasome RP subunit (Yang et al., 2004) . This nucleotide substitution resulted in AE3 mRNA mis-splicing through elimination of the second exon (sequencing verified; Figures 7B and 7D) .
The RPN8a protein contains an MPN domain (for Mov34 and Pad1 N-terminal domain), which is conserved in different species ( Figure 7C ) (Rinaldi et al., 2004; Yang et al., 2004) . In addition to RPN8a, Arabidopsis contains another RPN8 homolog, RPN8b; the RPN8a and b amino acid sequences are very similar ( Figure  7C ). The rpn8b mutant (SALK _128568) did not show obvious phenotypic changes, and the rpn8b as2-101 double mutant only exhibited the as2-101 phenotypes. These results suggest that RPN8a, but not RPN8b, plays a significant role in determination of leaf polarity.
To further confirm that we had identified the correct gene, we transformed a 5-kb genomic fragment containing the putative AE3 coding region plus a 1-kb 59 region and a 1.7-kb 39 region into the ae3-1 mutant. This construct complemented almost all phenotypes of the mutant ( Figure 7E ). In addition, we crossed as2-101 to two additional ae3 alleles, SALK_143140 ( Figure 7F ) and SALK _151595, which are in the Columbia (Col) genetic background and referred to here as ae3-2 and ae3-3, respectively ( Figure 7B ). Although the morphology of ae3-2 and ae3-3 plants appeared normal, plants with severe phenotypes similar to those of ae3-1 as2-101 were identified from the F2 progeny of the crosses (Figures 7G and 7H) . We also crossed as2-1 (Col) ( Figure 7I ) to ae3-2. Plants carrying as2 mutations in Col, rather than in Ler, usually do not contain lotus-or needle-like rosette leaves (Xu et al., 2003) . However, ae3-2 as2-1 double mutant plants showed the enhanced as2 phenotypes with lotus rosette leaves ( Figure 7J , arrowheads) and needle-like cauline leaves. These results indicate that although genetic backgrounds may affect the severity of ae3 as2 phenotypes, the defects in different genetic backgrounds are consistent. In addition, the data also confirm that the defective RPN8a corresponds to the ae3-1 phenotypes.
Phenotypes of the Double Mutants with as2 and Several Other 26S Subunit Mutations
The previously reported Arabidopsis mutants of the 26S proteasome subunit genes each have their unique plant phenotypes (Smalle et al., 2002 (Smalle et al., , 2003 Ueda et al., 2004) . In addition, the corresponding subunits of these mutants are all located in the 19S RP, either in the base or in the lid subcomplex. It was therefore proposed that each subunit in the 19S RP is able to distinguish a specific set of substrates for degradation (Smalle et al., 2002 (Smalle et al., , 2003 To determine whether the 19S RP-located RPN8a is the only subunit involved in leaf polarity formation, we constructed double mutants by combining as2-101 with other subunit mutants of the 26S proteasome. These included the 19S RP base mutants hlr-2(rpt2a), rpt4a, rpt5a, and rpn1a, the 19S RP lid mutant rpn9a, and the 20S CP mutants pad1 and pbe1.
Phenotypes of all the single mutants listed above appeared normal except hlr-2(rpt2a) (Ueda et al., 2004 ) and rpt5a, both of which produced slightly long and narrow leaves. However, plants with the ae3-1 as2-101 abnormalities were observed in each F2 population of crosses between as2-101 and the above single mutants, although the phenotypic severity of these plants was different among the populations. Since all of the 26S subunit mutants are from T-DNA insertion and in the Col ecotype, the progeny are thus in the mixed Col/Ler genetic background. To eliminate the background effect on plant phenotypes, we genotyped using PCR and phenotypically analyzed individual plants that had altered leaf phenotypes (>100 in each F2 population).
Among the double mutants we identified, leaf phenotypes of hlr-2(rpt2a) as2-101 ( Figure 8A ), pbe1 as2-101 ( Figure 8F ), and rpt5a as2-101 (see Supplemental Figure 1 online) appeared more severe than others, with almost all rosette leaves being unexpanded similar to those in the ae3 as2 double mutant. By contrast, rpn1a as2-101 ( Figure 8B ), rpn9a as2-101 ( Figure 8C ), rpt4a as2-101 ( Figure 8D ), and pad1 as2-101 ( Figure 8E ) produced lotus-and needle-like rosette leaves with a frequency apparently higher than that in the as2-101 single mutant ( Figure  8G ). The adaxial/abaxial polarity defects are not usually observed in the as2-101 cauline leaves, and the as2 single mutant does not contain ectopic leaves. However, lotus and needle leaves and the ectopic leaves were all found in the less-strong double mutants ( Figure 8H ). To further rule out the background effects on the double mutant phenotypes, we also analyzed leaf phenotypes of rpn8b as2-101, which is also in the mixed Col/Ler background. Frequency of the abnormal rosette leaves in rpn8b as2-101 was similar to that in as2 ( Figure 8G ), and the defective cauline leaves were not observed in the double mutant ( Figure  8H ). Since the aberrant subunits caused by T-DNA insertions are located in different parts of the 26S proteasome, our results strongly suggest that the 26S holoenzyme plays a role in regulating leaf patterning. (A) Fine structure mapping to localize the AE3 gene on chromosome 5 between markers MJJ3A and MJJ3B.
DISCUSSION
The 26S Proteasome Action Implicates Posttranslational Regulation for Leaf Patterning Leaf asymmetric growth initiates by partitioning primordia into distinct domains along their adaxial/abaxial axis, and this process has been demonstrated to be controlled by a regulatory network consisting of a number of components (Engstrom et al., 2004) . These include the increasing numbers of putative transcription factors (Byrne et al., 2000; Kerstetter et al., 2001; McConnell et al., 2001; Iwakawa et al., 2002) , miRNA165/166 (Emery et al., 2003; Kidner and Martienssen, 2003; Bao et al., 2004; Zhong and Ye, 2004) , tasiR-ARF (Peragine et al., 2004; Allen et al., 2005; Yoshikawa et al., 2005) , and proteins that are involved in RNA silencing Garcia et al., 2006; Xu et al., 2006; Yang et al., 2006) . Previous findings, based on the nature of the identified polarity components, demonstrate the regulation of leaf patterning at both transcriptional and posttranscriptional levels. In this study, we provide genetic evidence that the protein degradation pathway mediated by the 26S proteasome also participates in the leaf adaxial/abaxial polarity formation, suggesting that posttranslational regulation is required for the leaf patterning.
Results of this study also show that the 26S proteasome protein degradation pathway acts in parallel with other pathways, including the AS1-AS2 transcriptional factor pathway and the posttranscriptional gene silencing pathway. Plants with loss of function in the AE3 gene resulted in aberrant leaf adaxial identity, but double mutants ae3 as2(1), ae3 rdr6, and ae3 rev exhibited more severe defects in adaxial leaf identity than those in each of the single mutants. These results suggest that during leaf development, different genetic pathways act synergistically in normal leaf adaxial/abaxial polarity establishment.
The Biological Significance of 26S Protein Degradation in Leaf Patterning
It was previously proposed that abaxial cell fate might be a default in the absence of activity by the adaxial-promoting genes (Sussex, 1954; Eshed et al., 2001; Bowman et al., 2002) . On the other hand, some key adaxial-promoting genes for adaxial leaf identity, such as PHB, PHV, and REV, may regulate adaxial fate only at very critical stages during leaf development. For example, these genes are expressed in the adaxial domain only at about P2 to P5 leaf development stages (McConnell et al., 2001; Li et al., 2005) . Before or after these stages, they are expressed either throughout the entire leaf primordium or are restricted to the vascular tissues. Because determination of adaxial fate is susceptible to the timing of development, leaves may have developed a very efficient system for the simultaneous regulation of some key components at different levels during certain developmental stages. The system must include initiation or suspension of the genes that are critical in promoting leaf adaxial fates (regulation at the transcriptional level), elimination of these genes' transcripts by RNA silencing (regulation at the posttranscriptional level), and destruction of these genes' products by protein degradation (regulation at the posttranslational level).
Functions of the 26S Proteasome Subunits in Leaf Polarity Formation
In addition to the critical role of the 26S holoenzyme in the degradation of ubiquitylated proteins, the 19S RP is also known to play roles independent of protein degradation by regulating gene expression in yeast (Ferdous et al., 2001; Gillette et al., 2004; Lee et al., 2005) . In these studies, we found that mutated genes that encode putative subunits in 19S lid, 19S base, and 20S core subcomplexes all resulted in the comparable leaf phenotypic changes. These results strongly indicate that the proteolytic function of the 26S holoenzyme, rather than the 19S function alone, is involved in leaf polarity formation. We noticed that the phenotypes of different double mutant combinations of as2 with different 26S subunit mutations were not the same in severity. It is possible that the allelic effects may exist among the subunit mutants used in our double mutant constructions. In addition, most Arabidopsis 26S subunits are known to have two isoforms (Fu et al., 1998 (Fu et al., , 1999 Yang et al., 2004) , and they may share partially redundant functions. Therefore, the more the functions are redundant between the two related isoforms, the less severe phenotypes the double mutants have.
RPN8a encoded by AE3 also has its isoform RPN8b, and the amino acid sequence identity between the two proteins is rather high (94%). In addition, these two genes have a similar expression pattern (see Supplemental Figure 2 online). To determine whether and how AE3/RPN8a and RPN8b are functionally redundant, we performed double mutant construction by crossing rpn8b to ae3-1. However, the double mutant ae3-1 rpn8b was not viable. These results indicate that the AE3/RPN8a and RPN8b pair is functionally redundant in fundamental activity. It was reported that in most subunit gene pairs of the Arabidopsis 26S proteasome, one gene was usually more highly expressed than the other (Yang et al., 2004) . RPN8a may have a higher expression level than RPN8b; therefore, only rpn8a mutations have a significant impact on leaf adaxial/abaxial polarity formation. However, we cannot rule out another possibility (i.e., that the effectiveness of RPN8a and b subunits may not be the same in recognition of some specific targets). We noted that RPN8b transcript levels were elevated in different tissues in the rpn8a mutant plants (see Supplemental Figure 2 online), whereas the rpn8a phenotypes could not be rescued.
To elucidate the molecular mechanism by which the 26S proteasome acts in establishment of proper leaf polarity, it is important to identify target proteins that play roles in the process. From different pathways that modulate the leaf adaxial/abaxial polarity, we found that the miR165/166 and ta-siRNA pathways may not be involved in the severe ae3 as2 phenotypes. Our miRNA filter hybridization analyses revealed that the miR165/166 levels were not markedly altered in ae3 and ae3 as2 compared with those in the wild type and the as2 single mutants, respectively (see Supplemental Figure 3 online). In addition, the vegetative phase change phenotypes, which depend on the elevated ARF3/ETT and ARF4 expression levels (Fahlgren et al., 2006) , were not observed in the ae3 single and ae3 as2 double mutants (see Supplemental Figure 4 online). These results narrowed our target searching to the pathways that are required for normal leaf adaxial/abaxial polarity establishment.
METHODS

Plant Materials and Growth Conditions
The as1-101, as2-101, and rdr6-3 mutants were generated and described previously (Sun et al., 2000 Xu et al., 2002; Li et al., 2005) . Mutagenesis screens for as2 enhancer mutants were described in our previous work . To test whether the phenotypes of the new as2 enhancer were due to a second locus mutation, we pollinated the new mutant flowers with wild-type Ler pollen. The F1 progeny showed wildtype phenotypes, and F2 plants segregated with a distribution of 373 wild type, 133 as2-101, 120 plants that showed novel phenotypes with long and narrow rosette leaves, and 41 new as2 enhancer mutants, close to a 9:3:3:1 ratio. Therefore, the mutant with novel phenotypes was designated ae3-1. The ae3-1 mutant was backcrossed to wild-type Ler three times before detailed phenotypic analyses. Seeds of ae3-2 (SALK_143140), ae3-3 (SALK_151595), rpn8b (SALK_128568), rpn1a (SALK_129604), rpn9a (SALK_147710), rpt4a (SALK_052372), rpt5a (SALK_046321), pad1 (SALK_047984), and pbe1 (SALK_053781) were obtained from the ABRC. Identification of the insertional homozygous single mutants are shown in Supplemental Figure 5 online. Seeds of rev-9 and hlr-2 were kindly provided by J. Bowman (University of California, Davis) and K. Okada (Ueda et al., 2004) , respectively. Plant growth was according to our previous conditions (Chen et al., 2000) .
Map-Based Cloning
Mapping of the AE3 locus was performed by analysis of an F2 population from a cross between ae3-1 and the polymorphic Col ecotype. The AE3 locus was mapped onto the upper arm of chromosome 5, near the simple sequence length polymorphism marker nga225. A set of simple sequence length polymorphism markers was used to detect polymorphisms between the Col and Ler ecotypes, and the AE3 locus was mapped to a 43-kb area on BAC MJJ3. Sequencing of the candidate genes within this region revealed that ae3 carried a mutation at the first nucleotide of the second intron of the gene At5g05780, which is predicted to encode RPN8a, a 26S proteasome subunit.
For the complementation experiment, a 5.0-kb DNA fragment was PCR amplified from wild-type Col genomic DNA with KOD-PLUS polymerase (Toyobo), sequencing was verified, and the fragment was inserted into the pCAMBIA 1301 transformation vector. This resulted construct was introduced into ae3-1 plants, and 71 independent transgenic T1 plants were obtained that all showed complete rescue of the ae3-1 phenotypes.
RT-PCR
RNA extraction was performed as described previously (Xu et al., 2003) with leaves from 25-d-old seedlings, and reverse transcription was performed with 1 mg total RNA using a kit (Fermentas). PCR was performed with the following gene-specific primers: 59-CCGGCTACAACAACGCT-TACC-39 and 59-CTGCAAATGGCTCTTCACA-39 for KAN1 (exon1/exon2), 59-AGAAGCACGTTTGCATGG-39 and 59-CGAAACTAGTCAGTAGCC-39 for KAN2 (exon5/39UTR), 59-CTTACTTCAATCCCCAGG-39 and 59-CTTT-TGGACATGATAAACCC-39 for FIL (exon2/exon7), 59-CACCACCAGC-CAATAGAC-39 and 59-ATTGGGAAAGTCTTCGTAG-39 for YAB3 (exon3/ 39UTR), 59-GCAAAGTGGTTTTTCCTGGA-39 and 59-ACATCCAAATCATT-CTCTCG-39 for AE3 (59UTR/exon3), and 59-TGGCATCA(T/C)ACTTTCTA-CAA-39 and 59-CCACCACT(G/A/T)AGCACAATGTT-39 for ACTIN. Real-time PCR was performed according to our previous methods .
In Situ Hybridization and Detection of GUS Activity
In situ hybridizations were performed as previously described (Long and Barton, 1998 ) using 14-d-old seedlings. FIL and REV probe preparations and histochemical detection of GUS activity were according to our previous methods .
Microscopy
Fresh tissue from wild-type and mutant plants was examined using a SZH10 dissecting microscope (Olympus). Preparation of thin-section specimens and scanning electron microscopy were according to our previous methods (Chen et al., 2000) Accession Numbers
Sequence data for the RPN8a protein sequence can be found in the GenBank/EMBL data libraries under accession numbers AAP86668 (Arabidopsis thaliana), BAB78487 (Oryza sativa), AAF47199 (Drosophila melanogaster), NP_002802 (Homo sapiens), and AAS56365 (Saccharomyces cerevisiae), which are used in this article.
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